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REMOVING EFFECTS OF GAIN AND PHASE MISMATCH IN A LINEAR 
AMPLIFICATION WITH NONLINEAR COMPONENTS (LINC) SYSTEM 

CROSS REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims benefit of the priority of 
U.S. Provisional Application No. 60/340,678, filed December 

7, 2001, and entitled "Methods and Apparatus to Remove 
Effects of Gain and Phase Mismatch for Transmitters using 
LINC Technology" . 

BACKGROUND 

[0002] The present invention relates to a linear 
amplification with nonlinear components (LINC) system. More 
particularly, the invention relates to removing effects of 
gain and phase mismatch in such a LINC system without 
adjusting its analog circuits. 

[0003] Many signal processing circuits have a need to 
maintain known relationships between the signals traversing 
multiple signal paths. In practice, however, imperfections 
within a circuit may affect such relationships and adversely 
impact the performance of the circuit . One example is that 
of an amplifier employing a linear amplification using 
nonlinear components (LINC) technique. Recently, this LINC 
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technique has received much attention because the technique 
is suitable for wireless communication applications. 

[0004] In a typical LINC amplifier, a signal to be 
amplified is decomposed into two signals, both having an 
equal and constant envelope. Baseband in-phase (I) and 
quadrature (Q) signal modulation of a radio frequency (RF) 
carrier signal may be used to obtain the two decomposed 
signals. The decomposed signals are separately amplified by 
two independent amplification paths with the same gain and 
delay (phase) then combined to form a linearly amplified 
signal. The LINC amplifier is attractive because the two 
decomposed signals to be amplified have a constant envelope 
that enables the use of efficient nonlinear radio frequency 
(RF) power amplifiers for amplification. Moreover, the final 
output may be highly linear and substantially free of 
intermodulation - a key consideration for bandwidth efficient 
wireless communications . 

10005] However, the promise of LINC amplifiers have yet to 
be fully realized in part because of the difficulty in 
developing circuits that maintain phase and gain balance for 
the two independent amplification paths . For a LINC 
transmitter, the gain and phase mismatch of the two 
amplification paths will not only affect its modulation 
accuracy but also degrade its out-of~band spectrum 
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performance. The out-of-band spectriim performance of a 
transmitter is measured by the ratio of the maximiim out-of- 
band signal level to the signal level inside the signal 
bandwidth. Decreasing this ratio results in a higher 
requirement on the matching condition. For example, it may 
be desirable to achieve an out-of-band spectrum performance 
of -65dBc for adjacent channel coupled power, which, for a 
fairly simple modulation scheme, requires phase and gain 
match conditions within 0.5% for signals traversing the 
different amplification paths. Manufacturing imperfections 
within the amplification circuits make such balancing 
requirements difficult to achieve. 

[0006] A variety of prior art approaches exists to address 
such circuit imperfections. In one approach, phase and power 
measurements are made of RF signals and such measurements 
used to adjust for signal path imbalance. In another prior 
art approach, a feedback loop is used which requires the 
sampling and processing of the RF signal to compare with the 
original baseband signal. This approach typically requires 
complex stability analysis to handle impedance load 
variations and other factors. Further, in prior art 
approaches, adjustments typically involve phase and amplitude 
corrections along the RF signal paths. However, any 
adjustment of the gain of an amplification path may also 
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change the phase of the amplification path due to the well- 
known AM-PM phenomenon. Moreover, phase adjustment by 
impedance change may also affect the equivalent gain of the 
amplification path. Therefore, such adjustment processes 
involve the resulting signal being continuously calibrated 
and measured until a certain amount of accuracy is achieved. 
Moreover, gain adjustment to a non-linear amplifier in a deep 
saturate state is difficult since its output power level is 
insensitive to its input power level. 
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SUMMARY 



[0007] In one aspect/ the invention includes a method for 
removing effects of gain and phase mismatch in amplification 
branches of a linear amplification using nonlinear components 
(LINC) system. The method includes receiving an input 
signal, calculating a relative phase and gain difference in 
the amplification branches, and generating appropriate 
phasing components. The input signal is then controllably 
separated into a plurality of branch signals of different but 
constant envelope.. The mismatch between branches may cause 
each branch signal to have a different envelope. However, 
the phases of the branch signals are appropriately adjusted 
in a certain amoiint of corresponding phasing components, in 
consideration of mismatch effect, such that when the branch 
signals are recombined, the combined signal substantially 
replicates the input signal. 

[0008] In another aspect, the invention includes a linear 
amplification using nonlinear components (LINC) system. The 
LINC system includes a phasing component generator, a 
plurality of phase modulators, a plurality of power 
amplifiers, and a combiner. The phasing component generator 
is configured to receive an input signal, and operates to 
control separation of the input signal into a plurality of 
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branch signals by generating phasing components for the phase 
modulators after calculating a relative phase and gain 
difference in amplification branches. Each branch includes 
one phase modulator to phase modulate the branch signal. 
Each phasing component is then applied to a corresponding 
phase modulator in the branch. Each branch also includes at 
least one non-linear power amplifier to amplify the phase 
modulated branch signal. The magnitude of the resulting 
output branch signal is constant and modulation independent. 
The mismatch between branches may cause each branch signal to 
have a different envelope. The combiner combines the 
amplified branch signals of different but constant magnitudes 
such that when the branch signals from the amplification 
branches are recombined, the combined signal substantially 
replicates the input signal . 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] Figure 1 illustrates a simplified block diagram of 
one embodiment of a LING transmitter having two branches. 

[0010] Figure 2 shows a vector representation of the 
baseband input signal {Sin(t)) and branch signals, Si(t) and 
S2(t), having equal magnitude and phase. 

[0011] Figure 3 shows a vector representation of the 
baseband input signal (Sin(t)) and branch signals, Si(t) and 
S2(t), having unequal magnitudes and phases. 

[0012] Figure 4 illustrates a vector relationship between 
vectors Sj(t) , S2(t) , Ej(t) , and E2(t) . 

[0013] Figure 5 show a generalized Elliptic curve in terms 
of two complex niombers (vectors) which are proportional to a 
sum vector A+B and an error vector j (B-A) . 

[0014] Figure 6 shows an Elliptic curve with reference 
vectors A and B having a same phase. 

[0015] Figure 7 siimmarizes an embodiment of a new technique 
for removing effect of gain and phase mismatch in a 
flowchart . 
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[0016] Figure 8 shows one embodiment of a vector LINC 
transmitter having N branches . 

[0017] Figure 9A shows a dead circle in a LINC transmitter 
with two branches . 

[0018] Figure 9B shows a dead circle, given a fixed third 
vector, in a LINC transmitter with three branches, 
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DETAILED DESCRIPTION 

[0019] In recognition of the above-stated problems 
associated with conventional designs of phase and gain 
adjustments for amplifiers employing a linear amplification 
using nonlinear components (LINC) technique, embodiments for 
new correction techniques in the LINC system are described. 
Specifically, the technique removes the effects of gain and 
phase mismatch of the amplification paths by generating 
appropriate phasing components for the decomposed signals 
without changing gain and phase of the amplifiers in the 
amplification paths. In some embodiments, the appropriate 
phasing components are generated in a digital format. The 
techniques involve first calculating the relative phase and 
gain difference of the amplification paths in the branches by 
modulating and sending calibration or training signals, and 
demodulating the training signals using a receiver. A 
parameter called phase skew (A) , which results from the gain 
and phase mismatch conditions and is also a function of the 
input signal magnitude, is then calculated. The phase skew 
(A) provides the additional adjustment of the phasing 
components generated for driving the phase modulators in the 
two amplification paths of a LINC transmitter. When the 
phase-modulated signals from each path/branch are recombined, 
the input signal is substantially replicated. Consequently, 
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for purposes of illustration and not for purposes of 
limitation, the exemplary embodiments of the invention are 
described in a manner consistent with such use, though 
clearly the invention is not so limited. 

[0020] As explained above, the principle of a linear 
amplification with nonlinear components (LINO transmitter is 
to represent an arbitrary bandpass signal by means of two 
out-phased constant envelope signals. A simplified block 
diagram of one embodiment of such a LINC transmitter 100 
having two branches is shown in FIG. 1. In the illustrated 
embodiment, the b'andpass signal (Sin(t)) is separated into two 
out-phased signals by a phasing component generator 102 and 
phase modulators 104, 106 in the two branches which may be 
realized by a quadrature modulator or a phase-locked loop 
(PLL) . The output of the phase modulator 104, 106 is then 
amplified by a power amplifier 108, 110, which is preferably 
a nonlinear amplifier working in a deep saturation state to 
achieve relatively high-power efficiency. The signals are 
recombined through a combiner 112 before being transmitted. 

[0021] A complex representation of the desired signal to be 
transmitted may be written as 

Sjt) = \sjt)\e''^'' . where 0 < \SJt)\ < . (1) 
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This signal may be separated by the phasing component 
generator and the two following phase modulators into two 
branch signals with modulated phase and constant amplitudes, 
as follows: 

S,(t) = • e^^^'^'-"^^''^ and S,(t) = • e^"^''""'" , (2) 

where magnitude related phasing (MRP), W(t) , is 

determined by cos C¥(t) ) = = ^ ^ for \sjt)\ < , 

and is a constant positive real niimber. Thus, adding the 
two signals together, S,{t) + S,{t) = | ' e'^'^He '''''' + e^'^^^'; = 

. cos Wit)) = \sdt\^^'^' = Sjt)s as illustrated in FIG. 2. 
Note that the relative phase difference between S/tj and S^it) 
is two times the MRP (^(0). Furthermore, the MRP determines 
the magnitude of the combined signal. In equation (2), 

reference vectors A = - • e"'^ and B = v;„ • e^^ may be 

2 2 

defined. Each vector accounts for a total gain and delay 
(phase shift) of a corresponding amplification path. Then, 
for any given input signal S^Jit) = \s ^J.t\e'^^''^ with \sjt\ < , 
S^Jt) may be reproduced by applying phasing components 
Q(i^) _ ip(^t; and 6(t) + ^(t) to the two reference vectors, 
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respectively, which results in two phase -modulated signals, 
and by combining the two phase modulated signals. 

[0022] However, as described above, the derivation is valid 
only when the power amplifiers in the two branches are 
balanced, such that the gains and phases (delays) are 
substantially similar, or equivalently, the reference vectors 
A and B have the same magnitude and phase. Moreover, these 
balanced characteristics have to be maintained with variation 
of temperature and transition of channels. In practice, 
however, these conditions are difficult to achieve. For 
example, as illustrated in FIG. 3, if the reference vectors A 
and B have different magnitude and phase due to gain and 
phase mismatch between the two branches, the combined 
resultant signal produces S(t) , instead of the desired signal 
SJt) . Therefore, with Sj(t) = A - e^'^^^'^"^^'^ ^ and 
S2(t) = B ' e^^^^^^^'^^^^^ the combined resultant signal is 

S(t) = S/t; + S2(t) = A ' e^'^^^^^-^^^^^ + B • e''^^^^''^'^^. (3) 

By rearranging, the combined resultant signal may be 
expressed as 

^t; = -(A + B)- ^'''^(e '''''' + e^'^^"; + -(A-B)- e'""(e'''<'> - e^'"''') 

12 
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2 2 , (4) 

= Slit) + s/t; + £?/t; - £,ft; 

where S,(t) = £ e^'^''^"'^^"' , S.^U = £ e^«'^'*^'''\ E/t; = £ e^^^^^""^''^' 

and = £e^^'^'^^^^'^\ with C = A + 5 and D = A-5 . Thus, S/tJ 

2 

and 52^^; behave like a pair of well-matched signals that 
generates a desired signal (i.e., S (t) = S/t; + 52('t;) with 
phase 6(t) and a varied magnitude depending on W(t) . 
Furthermore, Ej(t) and E2(t) generate a varying error component 
{i.e., E(t) ^ Ej(t) - E^it)) depending on W(t) . The 
relationship between these vectors is illustrated in FIG. 4. 

[0023] The effects of the phase and gain mismatch of the 
components in the branches of the LING transmitters may be 
substantially removed by solving the above-discussed problem 
in a reverse way. This process is equivalent to assviming 
that the desired signal is S(t) , and solving the relationships 
between vectors , S2lt) , E/t) , and E^Ctj, after reference 

vectors A and B have been determined by a calibration 
process. It is desirable to have such a process that 
produces a simple phase adjustment in the reference vectors 
in addition to the MRP and input signal phase, such that the 
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combined resultant signal becomes substantially similar to 
the desired signal, 

[0024] In the process of solving for the relationships 
among the vectors, let 6(t) = 0 and S(t) = S(t) , without loss of 
generality. Then, from equation (4) , the desired signal S(t) 
may be expressed as 



S(t) = — • (e'''"> + e'-^^^O + ^ • (e'''"' - e^'"") . ( 5 ] 



Since cos {F(t) ) = ^ and sin W(t) ) = ^- - 

equation (5) may be alternatively expressed as 



S(t) = (A + B) • cos CP(t) ) - j ■ (A - B) sin CP(t) ) 
= (A + B) • cos ("Fit) ) + j • (B - A) sin CP(t) ) 



(6) 



However, equation (6) defines the trajectory of S(t) as a 
function of ^(t) as part of a generalized Elliptic curve. 
This curve may be formulated as (A + B)cos(p + j(B - A) sin(p with 



7t 

parameter (p taken over 0 < (p < — 



[0025] The generalized Elliptic curve is a trajectory of a 
vector, which is a sum of two vectors that are proportional 
to a sum vector (A-f-B) and an error vector j (B-A) , as shown 
in FIG. 5. A special case of the generalized Elliptic curve 

14 
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is shown in FIG. 6, with A and B having the same phase. This 
curve represents an Elliptic curve in a complex plane with 
its long axis (A+B) and short axis j (B-A) . Note that A+B and 
j (B-A) are orthogonal in the special case of FIG. 6. For 
each point on the (generalized) Elliptic curve, there is a 
corresponding (p . Given (p , or equivalently a point on the 
curve, phase skew {A) which is a phase difference between a 
vector ending at the point on the curve and the sum vector 
(A -h B) , may be determined. 

[0026] FIG. 7 summarizes an embodiment of the new technique 
for removing the effect of gain and phase mismatch, in a 
flowchart. As mentioned above, the goal of the technique 
then is to control the separation of the input signal into a 
number of branch signals of different but constant magnitudes 
such that only phases of the branch signals (e.g., Si and S2) 
need to be appropriately adjusted. Thus, this process 
accounts for the signal path imbalance in the branches so 
that the combined signal substantially replicates the desired 
signal . 

[0027] The technique includes determining the amplitudes 
and phase difference of the branch signals when no phase 
shift is applied to the branches (i.e., the reference vectors 
A and B) f up to a common complex scale at an initialization 
stage 700. Determination of the reference vectors A and B 

15 
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involves generating two calibration signals from the 
transmitter, and demodulating the signals in the receiver. 

Signals SJt) = A and Szft) = Be^^ are initially generated by 
applying appropriate phase to the phase modulators so that 
the received signal Ri is equal to G(Sj{t) + S2(t) ) = G(A + Be^'^j . 
Signals S/tj == A and S2(t) = -Be^^ are then generated by 
applying appropriate phase to the phase modulators so that 
the received signal R2 is equal to G(Sj(t) + S2(t) ) = G{A - Be^^ ) . 
The term G is a complex constant, which may be removed or 
scaled to an appropriate value corresponding to the 
transmission power and receiver gain. Thus, JR^ + = 2G - A 

and Rj - R2 - 2G - B - e^^ . The parameter X may be chosen as y 

to get a similar received signal level for the receiver such 
that the same automatic gain control (AGC) gain setting may 
be used for the receiver during demodulation of both 
calibration signals. This assumes that A and B have 
different magnitude and phase but are close to each other. 
Note that after the relative phase difference between A and B 
is determined, two reference vectors with the same phase may 
be generated by applying the phase difference to A or B (or 
equivalently, by introducing the phase offset to the 
corresponding phase modulator) . Therefore, it may be assumed 
that the two reference vectors always have substantially 
similar phase. 

16 
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[0028] To construct the desired signal S(t) , up to a 
constant complex scale, a point on the Elliptic curve 
corresponding to a vector having the same magnitude as S(t) is 
obtained. In FIG. 5 or 6, a point on the curve that 
corresponds to the vector having the magnitude of Z3 (i.e., 
Iz^l = \S(t)\} is obtained. Thus, given the magnitude of the 
desired transmission signal \s(t\ = [fA + B) • cosq) -\- j(B ~ A) - sinq^ , 
cp at the point on the curve that corresponds to the vector 
with a magnitude \s(t)\ is determined, at 704. In practice, 
this may be done either by search or by looking up a table 
that is generated at 702. 

[0029] In cases where such q> cannot be found, S(t) may be 
approximated. The signal S(t) may be approximated as V^^ • e^^ 
if \S(t)\ is less than \(A + B) • cos (p + j(B - A) • sin (p\ for any 9, 
where V^^ = min {\(A -\- B) - cos q) + j(B - A) • sin q)\} . Otherwise, 

the signal S(t) may be approximated as • e^^ if \S(t)\ is 
greater than \(A + B) • cos (p + j(B - A) - sin (p\ for any (p, where 
V^^ = max {\a + B) ^ cos <p + j(B - A) ' sin <p\} . Therefore, in 

0<<p<n / 2 

the above cases, the corresponding (p is the one achieving v;^^^ 



17 



005281. poll 

[0030] After <p is found, the parameters Zi and Z2 may be 
computed as Zj = (B + A) cos (p and Z2 = j(B - A) sin <p . The 
relative phase difference A (i.e., phase skew) between a 
vector ending at the point on the curve {i.e., Z^ = Zj Z2) 
and the sum vector (A + B) (i.e,, Z^) is then determined, at 
706. Note that \z^ + = \S(t)\. In a special case where A and 

B have no phase difference, A is determined as illustrated in 

FIG. 6. In some embodiments, the phase skew {A) may be 
calculated beforehand in the initialization stage 702 for 
each possible (p , after A and B have been determined up to a 
common complex scale. 

[0031] Once (p and A are determined, appropriate phases may 
then be applied to the phase modulator to generate 
S,(t) = A ' e^^^^'^"^~^^ and S^ftj = B • e''^^^'^'^^''\ at 708, where 6(1) 
is the phase of the signal S(t) . The desired transmission 
signal S(t) = Sj(t) -h S2(t) may then be obtained by combining 
Sj(t) and S2(t) . 

[0032] If \S(ti < = min {\(A + B) • cos(p + j(B - A) • sin(p\} , 

0<<p<n/2 

then S(t) = |5rt;|e^'^ may be approximated by V^.^ • e'^ with the 
corresponding (p achieving the minimum. However, if 

> V^^ = max {\(A + B) * cos (p + j(B - A) • sin (p\} , then 

o<<p<it / 2 

18 



005281. poll 



S(t) = |5rt;|e^'^ may be approximated by V^^ • e^^ with the 
corresponding <p achieving the maximiim. Accordingly, these 
approximations provide an effect similar to quantization 
noises. The circle of radius VL,. is called a "dead circle" 
because the signal points within the circle are unable to be 
represented correctly by applying phasing values to the two 
constant magnitude vectors A and B without distortion (see 
FIG. 9A) . The circle of radius is called a "clipping 

circle" because the signal points outside the circle are 
unable to be represented correctly by changing the phases of 
the two constant magnitude vectors A and B without 
distortion. Thus, the signal points may be clipped to the 
signal points of the magnitude V^^ - 

[0033] The approximations made to the signal points inside 
the dead circle or outside the clipping circle may be 
improved upon by smoothing the phase trajectoiry of a sequence 
of such signal points by forcing the signal points to travel 
along the curve of the dead circle with continuous phase 
(monotonically) between the beginning point and the ending 
point of the sequence. This enables the resulting spectrum 
of the signal may be improved. The beginning point goes into 
{comes out of) the dead circle (the clipping circle) and the 
ending point, which is the earliest one after the beginning 
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point, comes out of (goes into) the dead circle (the clipping 
circle) . 

[0034] Since many modulation schemes do not use signal 
points near the null, the new mismatch effect removal 
technique described above may replicate the desired 
transmission signal for these modulation schemes, even with a 
certain amount of gain and phase mismatch between the two 

n 

branches. Examples of such schemes include shifted 

4 

quadrature phase shift keying (QPSK) , Offset QPSK (OQPSK) and 
Offset quadrature ^amplitude modulation (OQAM) . For other 
modulations schemes, the new technique provides a good 
approximation for any two-branch LING transmitters to 
generate desired transmission signals with improved results 
in both modulation accuracy and out-of-band spectrum 
performances . 

[0035] To provide a LING transmitter substantially free of 
dead circles, a vector LING transmitter having at least three 
branches may need to be introduced, FIG. 8 shows one 
embodiment of such a vector LING transmitter 800 with N 
branches. For example, vectors Si, S2, and S3 with 
appropriate phases may represent any signal within a circle 
of radius , and as long as magnitudes of the three vectors 
can form three sides of a non- trivial triangle (i.e., a sum 
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of any two magnitudes is larger than the remaining one) . 
However, the transmitter may need more processing power for 
the phasing component generation block than that having only 
two branches, 

[0036] There are several ways to synthesize the desired 
transmission signal in a LINC transmitter having three 
branches (with three constant magnitude vectors. Si, 82, and 
S3) . A third branch with a vector S3 whose magnitude is 
larger than the radius of the dead circle of a two-branch 
LINC transmitter (with Sj and S2) , is introduced. A dead 
circle 900 is shown in FIG. 9A without S^ . FIG. 9B shows a 
dead circle 910 for Sj and S2 (i.e., set of signal points 
that cannot be represented by Sj and S2) with a fixed S3. The 
dead circle 910 is away from the null. The introduction of 
this vector (S3) may move the dead circle away from the null 
position so that the desired signal points near null may be 
represented by three vectors Sj , S2 , and S^ . By changing 
the phase of S3 accordingly, a signal point in a complex 
plane may be represented as long as the magnitude of the 
signal point is less than . The term represents the 

magnitude of the sum of three reference vectors for Sy , S2 , 
and S3. Thus, if the desired transmission signal S = |s|e^^ is 
inside a dead circle centered at null, which occurs when only 

21 



005281. poll 



Sj and S2 may be used to represent signal points, then, in 
one embodiment, by letting = |5^|e^*^''^^^ with \s^\ larger than 
the radius of the dead circle, 5 - 5^ is outside the dead 
circle. Instead of synthesizing S = \s\e^^ , Sj and S2 are then 
used to synthesize S - as in the aforementioned case of a 
two-branch LINC transmitter. Therefore, the synthesis of 
the final transmission signal may be described as 
Sj S - or S = Sj -\- S2 S3 by combining the three phase- 

modulated signals. 

[0037] There has been disclosed herein embodiments for 
removing effects of gain and phase mismatch in a LINC system. 
The mismatch effect removal techniques involve calibrating 
and measuring the phase and gain mismatch of the branches of 
the LINC transmitter, and correspondingly adjusting the 
parameters during the separation of the input signal. For a 
two-branch LINC transmitter, gain and phase mismatch of the 
two amplification paths (or equivalently, the two reference 
vectors) may cause the signal to fall inside a dead circle 
where signal points may only be approximated. The limit for 
the radius of such a dead circle may depend on modulation 
schemes. Thus, when the signals from each branch are 
recombined, the input signal is substantially replicated, as 
long as the dead circle is small enough for the given 
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modulation scheme* For a three-branch LINC transmitter, the 
dead circle may be avoided without regard to the size of the 
mismatches between branches. The final combined signal may- 
then be replicated at a price of increased complexity. 

[0038] While specific embodiments of the invention have 
been illustrated and described, such descriptions have been 
for purposes of illustration only and not by way of 
limitation. Accordingly, throughout this detailed 
description, for the purposes of explanation, numerous 
specific details were set forth in order to provide a 
thorough understanding of the present invention. It will be 
apparent, however, to one skilled in the art that the 
embodiments may be practiced without some of these specific 
details. In other instances, well-known structures and 
functions were not described in elaborate detail in order to 
avoid obscuring the subject matter of the present invention. 
Accordingly, the scope and spirit of the invention should be 
judged in terms of the claims which follow. 
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